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The mass attenuation coefficient mm for eight rock samples having different chemical composition was
simulated using the MCNP 5 code in energy range ð0:002MeV E 10 MeVÞ. Moreover, the mm for the
studied rock samples was computed theoretically using XCOM database. The comparison between
simulated and computed data for all selected rock samples showed a good agreement with differences
varied between 0.01 and 8%. The highest mm was found for basalt rocks M2 and M1 and the lowest one is
reported for limestone rocks Dike. The simulated values of the mm then were used to calculate other
important shielding parameters such as the mean free path, effective electron density and effective
atomic number. The exposure buildup factor EBF was also computed for the selected rocks with the
contribution of G-P fitting parameters and the highest EBF attended by the basalt sample Sill and varied
between 1.022 and 744 in the energy range between ð0:015 E 15 MeVÞ but the lowest EBF achieved
by basalt sample M2 and varied between 1.017 and 491 in the same energy range.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, nuclear power and solar energy become alternative
sources due to the limitation of the natural fossil fuel resources.
Gamma ray emitted from the nuclear power stations can travel for
several Kilometers in the surrounding medium due to its high
penetrating power [1,2]. These gamma photons cause indirectly
ionizing for the water molecules in the human cells, which have a
dangerous effects on the human DNA [1e3]. Therefore, a great
attention has been given to the shielding properties evaluation of
the various materials.
In the last few years, the researchers and investigators reported
a great number of articles, which aimed to evaluate the shielding
properties of different materials such as rocks [4,5], concretes
[2,6e8], building materials [9,10], ceramics [11] alloys [12e14]
nanocomposites [15], polymers [16] and glasses [17e22].
In practical applications, concrete is considered as one of the
most materials utilized for radiation shielding aims. It can bet. Mira, 19, 620002, Yekater-
remabdekazeem@yahoo.com
by Elsevier Korea LLC. This is anformed into any required size and shape and it is composition can
be changed easily according to the need. Some type of concretes
especially the heavy concretes are very costly and therefore are
important to find other materials that can be used as alternative
materials in different shielding applications.
Rocks are usually used as building materials in several con-
structions, household tiles, hospitals, schools, universities and
other facilities. For this reason, it is considerable to evaluate the
response of the rocks to gamma radiations.
The natural rocks are cheap, available and uniform in compo-
sition and effective materials which can be used directly for radi-
ation shielding purposes or used as aggregates in different
concretes. Eight different natural samples of basalt (Sill), basalt
bomb (M1 and M2), Rhyolite (AG) and limestone with different
formation (Dike, M3, M4, M5) were investigated in this study.
In the present work, the mass attenuation coefficient mm is
simulated for different rock samples collected from south western
Sinai, Egypt using the MCNP 5 code Besides, other shielding pa-
rameters which describe the diffusion and penetration of incident
gamma ray on the selected rocks are calculated. Moreover, the
equivalent atomic number Zeq and exposure buildup factor (EBF)
are computed for the selected rock samples in energy range
(0.015 < E < 15 MeV).open access article under the CC BY-NC-ND license (http://creativecommons.org/
Table 1
The fractional abundance of elements in the rock samples.
Sample Density (g/cm3) Fractional abundance (%)
O Na Mg Al Si P K Ca Ti Cr Fe
AG 2.570 49,5 0.22 0,59 0.29 38,5 0.52 0,08 0.85 0.08 0.85 8,65
Dike 1.751 0.13 8.84 51.12 1.01 1.91 0.48 19.21 0.20 0.07 12.89 0.43
Sill 2.375 0.27 0.15 29.74 1.62 3.94 5.57 42.77 0.23 1.15 6.63 0.65
M1 2.464 0.30 0.25 30.26 2.75 3.76 5.31 38.86 0.23 1.08 6.82 0.95
M2 2.449 0.36 0.29 30.87 2.81 3.81 5.42 37.97 0.22 1.04 6.97 0.95
M3 2.011 0.30 2.97 35.95 0.12 4.90 0.87 39.98 0.23 0.11 10.83 0.35
M4 1.624 0.62 6.04 46.78 0.13 3.39 0.94 21.65 0.37 0.33 18.96 0.03
M5 1.60 0.59 5.40 44.38 0.06 1.45 0.40 22.82 0.40 0.27 23.97 0.01
K.A. Mahmoud et al. / Nuclear Engineering and Technology 51 (2019) 1835e184118362. Material and methods
2.1. Shielding parameters
In the present work, the probability in which the incident
gamma ray beam of photonswith intensity I interact with a slide of
natural rock with thickness x ðcmÞ is defined as the gamma ray














The mass attenuation coefficient (mm) for a given material is
considered as an important shielding parameter. It is used to
characterize and describe the gamma ray penetration and inter-
action with the rock slides. The experimental and theoretical cal-
culations of the mm for a given material can described by equations























Where r is the studied material density, ui is the weight fraction of
the ith constituent element and ðmmÞi is the total attenuation co-
efficient for the ith constituent element in the rock samples.
During the interaction of gamma ray with the rock samples, the
distance between two following collisions is defined as the Mean
free path (MFP) and described by equation (4), [25].





Moreover, the atomic cross sections ðsaÞ and electric cross









Where f i denotes the fractional abundance for the i
th constituent
element. It is important to state that the chemical composition of
the studied rock samples was analyzed utilizing induced coupling
plasma optical emission spectroscopy (ICP-OES) [28] and the
composition of the rocks under investigation is tabulated in Table 1.
Ai and Zi are respectively the mass number and the atomic numberof the ith constituent element.
The effective atomic number and effective electron density for
the studied rock samples were derived using the calculated ðsaÞ











Where M is the atomic mass of the material.
Exposure building up factor (EBF) is an important factor used to
correct the attenuation calculation. Moreover, the EBF can be
computed for the selected rock samples with the help of
Geometric-progress (G-P) fitting equations [30e32] Calculation of
the EBF was achieved throughout three following steps reported as
the following:
i) Calculation of the equivalent atomic number (Zeq) which is a
quantity described shielding features of the studied rock sam-
ples in term of its equivalent elements and defined by equation
(9).
Zeq ¼ Z1ðlogR2  logRÞ þ Z2ðlogR  logR1ÞðlogR2  Log R1Þ
(9)






corresponding to elements with atomic number Z1 and Z2.
ii) Calculation of Geometric-progress fitting parameters such as (b,
a, Xk, x and c) with the help of the ANSI/ANS-6.4.3 standard










ðlogZ2  Log Z1Þ
(10)
Where C1 and C2 denote the G-P fitting parameters obtained from
the standard database for Z1 and Z2 respectively.
iii) The EBF values for the rock samples were calculated in en-
ergy range between 0.015 and 15 MeV with the help of
calculated G-P fitting parameters as shown in equations
(11)e(13).
BðE; xÞ¼1þ ðbC 1ÞðK 1Þ ðK
x  1Þ;Ks1 (11)
BðE; xÞ¼1þ ðb 1Þx; K ¼ 1 (12)







 tanhð  2Þ
1 tanhð  2Þ ; x  40 mfp
(13)
Where x is the distance between the monoenergetic source and the
detector in term of mfp, and b is the EBF value when the distance
between the source and detector equal to 1mfp.2.2. MCNP simulation
Monte Carlo N particle transport code (MCNP 5) code is a pro-
gram for modeling the interaction of neutrons, gamma and X rays
and electrons in different materials. The MCNP-5 code uses the
nuclear cross section libraries and different physics models for the
particle interactions with the matter. The simulated parameters
using MCNP have a very low error percent around 1% [17]. MCNP
simulation of the gamma ray shielding parameters for different
rock samples requires information about the geometry, the rocks
chemical composition and densities, source and tally specification.
The geometry used in the present work is shown in Fig. 1 and it is
considered as an evacuated cylinder made of lead with diameter
25 cm, height 30 cm and thickness 5 cm. The environment for the
mentioned cylinder was filled with air; a cylindrical collimator of
lead was placed at the center of the problem geometry with a slit
5 cm. Finally, a mono energetic source placed inside the collimator
at a distance 5 cm from the rock samples and 15 cm from the de-
tector which considered as F4 tally in this work. The NPS variable
(History cutoff card) was set to be 1000000 tracked particles. The
results were reported with error about 1%.Fig. 1. The geometry used2.3. XCOM calculation
XCOM is a database created by created by Berger and Hubell in
1987 to calculate mass attenuation coefficient of elements, com-
pounds and mixtures in energy range between (1 KeV < E < 1 GeV)
[34]. Many articles were reported using XCOM database for the
mass attenuation coefficient calculation in different mixtures such
as building materials [35], polymers [36e38], glasses [39] and
concretes [40]. In the present work XCOM database was used to
validate the simulated mm values for the studied rock samples. The
different rock samples were identified for the XCOM program
through their chemical composition. Then we compared the ob-
tained mm results with those simulated by MCNP5 in order to check
the accuracy in the input file.
3. Results and discussion
The mm of eight different rock samples collected from south
western Sinai, Egypt was simulated using MCNP 5 code at energy
range varied between 0.001MeV and 10MeV. Themanner inwhich
the mm for the selected rocks varied with the incident gamma ray
energy was illustrated Fig. 2. It is clear that the mm for all selected
rocks tend to maximum values (in the range of 1147e2125cm2 =g
for Dike and AG respectively) at gamma ray energy 0.002 MeV.
Firstly, at a low gamma ray energy range between 0.002 and 0.02
MeV the mm for all rock samples decreased rapidlywith increase the
gamma energy. The rapid decrease in the mm of the selected rocks is
resulting due to the absorption photoelectric which is dominated in
the low energy region (sphotoele fZ
n:E3:5; n¼ 45Þ [7,41]. The
highest mm in low energy region attended by AG rock sample and
varied between 2125 cm2 =g (at 0.002 MeV) and 5 cm2 =g at
(0.02 MeV), but the lower mm was attended by Dike and variedfor simulation study.
Fig. 2. The variation of the mass attenuation coefficient with gamma ray energy. Fig. 4. The variation of Zeff with incident gamma ray energy.
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intermediate gamma ray energy range between 0.03 and 1 MeV,
the mm values for all rocks have a very slow decreasing rate with
increasing the energy due to the domination of the Compton
scattering mode of interaction in which (scomp fZÞ. The rock sam-
ples M2 and M1 exhibit the highest values of the mm and varied
between 1.88 and 0.069 cm2 =g at energy range 0.03 and 1 MeV
respectively. In the other hand, the sample Dike exhibits the lowest
mm and varied between 1.38 and 0.0633MeV at energy range varied
between 0.03 and 1 MeV respectively. Finally, in the high gamma
ray energy region (i.e. E > 1 MeV) the mm for all selected rock
samples is almost constant which is attributed to pair production
cross section where (spair proflogE) [7]. In this energy, the highest
mm was observed for M2 and M1 and in the range of 0.069 and
0.0270 cm2 =g between 1 and 10 MeV, while the lowest mm was
observed for dike rocks and varied between 0.0633 and 0.0228
cm2 =g along the same energy range.
Moreover, the mm for all selected rocks was calculated using
XCOM database. The results obtained from XCOM database was
compared to those simulated usingMCNP 5 code. The simulated mm
for all selected rocks was found in a good agreement with the mmFig. 3. The Variation of MFP with gamma ray energy.calculated theoretically using XCOM program as shown in the
supplementary information in Table S1. The difference between the
simulated and computed mm for all selected rock samples was
found to vary between 0.01 and 8%.
The mean free path (MFP) is a shielding characteristic, which
describes the interaction of radiation with the shielding material
atoms. The better shielding material is that exhibits a small MFP.
From the simulated mm values, the MFP was computed for the
selected rock samples. The mode in which the MFP varied with the
incident gamma ray energy for the rock samples under study was
plotted in Fig. 3. It is clear that the MFP for all rock samples is en-
ergy dependent.
The MFP for all selected rock samples in low energy rage
(E 0:02 MeVÞ is almost constant because of the photoelectric ef-
fect which is dominant in this energy region. The MFP increased
gradually in intermediate and high energy range
(0:03 E 10 MeVÞ which means that the intermediate and high
energy photons can penetrate the rock samples easily. It can
conclude from the curve that the lowest MFP was obtained for
basalt (M1, M2 and Sill) and Rhyolite (AG) rocks, but the highest
MFP obtained by limestone (M3, M4, M5 and Dike). The density of
the rocks plays an important factor that affects the values of the
MFP for the present rocks. From Table 1, AG, sill have the highest
density values (2.57 and 2.375 g/cm3 respectively) and this explainFig. 5. The Variation of the Electron density with incident gamma ray energy.
Fig. 6. Variation of Zeq with incident gamma ray energy.
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was observed for M5 (1.6 g/cm3) followed by dike (1.75 g/cm3),
therefore we observed the high MFP values for M5 and dike rocks.
The Zeff for all selected rock samples was computed with the
support of all partial interaction processes in the energy range
ð0:002 E 10 MeVÞ and illustrated in Fig. 4 It can be seen that the
maximum Zeff for all selected rocks was attended at gamma rayFig. 7. The variation of buildup factor with gammenergy ðE¼ 0:02 MeVÞ and the minimum Zeff was achieved in the
energy range (0:2 E 8 MeVÞ. The highest Zeff values were found
for basalt rocks M1 andM2 (Zeff ¼ 19:96Þ, but the lowest Zeff values
were obtained for dike rock ðZeff ¼ 11:94Þ. The Zeff increases
gradually in the low energy region (0:002 E 0:02 MeVÞ and this
is attributed to photoelectric effect. The Zeff has no significant
variation in the energy range ð0:008 E 0:03 MeV) due to the
Compton scattering effect. Finally, in the energy range
ðE>0:05 MeVÞ the Zeff increases rapidly.
The effective electron density Nel is also calculated for rock
samples under study in energy range ð0:002 E 10 MeVÞ and the
results are illustrated in Fig. 5. The mode of variation of the Nel with
the incident gamma ray photons energy was found to be similar to
that of Zeff .
The equivalent atomic number Zeq is a parameter used in the EBF
calculation processes and it describes the shielding properties of
rock samples in terms of equivalent element. The Zeq is calculated
from the Compton scattering only in the energy range
ð0:015 MeV < E< 15 MeVÞ and the results are plotted graphically in
Fig. 6. It is clear that the Zeq reaches its maximum value for all
selected rock samples at gamma ray energy ðE ¼ 1MeVÞ, but the
minimum value was achieved for the energy range E  2MeV . The
Zeq increases gradually with increasing the energy in the energy
range ð0:015< E<1MeVÞ due to the Compton effect process and
then decrease rapidly with energy in the energy range ðE>1MeVÞ
due to pair production effect. The highest value of the Zeq was
observed for M1, M2 and AG samples, whereas the lowest Zeq was
found for M4 sample.
It is very important to make a correction for the attenuationa ray energy for basalt and rhyolite rocks.
Fig. 8. The Variation of the EBF with gamma ray energy for limestone rocks.
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the EBF should studied for any shieldingmaterial. The EBF for basalt
and rhyolite rock samples M1, M2, Sill and AG were calculated and
illustrated in Fig. 7. It is clear that the EBF values for all selected rock
samples attend the maximum values at about 0.03 MeV due to the
multiple scattering caused by Compton interaction, but the lowest
values of the EBF achieved at the low energy due to the fast ab-
sorption of low energy photon and this didn't lead to build up for
the photons [31]. From Fig. 7 we found that Sill rock sample has the
highest EBF and it varied between 1.022 and 754 in the energy
range between ð0:015< E<15 MeVÞ, while the lowest EBF was
observed for basalt rock M2 and it varied between 1.017 and 491 in
the same energy range. In term of the penetration depth, the
highest EBF achieved for penetration depth 40 mfp, but the lowest
EBF achieved for low penetration depth viz. 1 mfp.
The mode in which the EBF varied with the incident gamma ray
energy for limestone rock samples (i.e. M3, M4, M5 and dike) was
studied and illustrated in Fig. 8. It is clear that the highest EBF for
limestone rocks was attended by the rock sample coded as M4 and
varied between 1.024 and 764 in energy range
ð0:015<E<15 MeVÞ, but the lowest EBF was obtained by dike and
varied between 1.019 and 607 in the same energy range. It can be
seen that the EBF for all the studied limestone rock attends to
maximum at energy rage between (0.2 and 0.5 MeV) due to the
domination of Compton scattering in this region. It was observed
also that the EBF values for all rocks are small up to 0.06 MeV and
this is due to the effect of photoelectric absorption.
4. Conclusion
The present work focused on the evaluation of the massattenuation coefficient for eight different rock samples using
MCNP5 code and XCOM database. The comparison showed agree-
ment between the simulated and XCOM data. The highest mm was
found for basalt rocks M1, M2 and rhyolite rock AGwhile the lowest
mm was reported for dike sample. Some other parameters were also
evaluated to understand the radiation shielding properties for the
investigated samples. The lowest MFP was achieved by basalt rocks
M1, M2 and the highest MFP achieved by limestone rocks. The Zeff ;
and Nel were also studied for all selected rocks and the results
showed that M1, M2 and AG possess high Zeff ; and Nel values. The
EBF values for the studied rocks were also evaluated using the G-P
fitting method. Basalt rocks M1, M2 and rhyolite rocks show a
better shielding property than basalt sill and limestone samples.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.05.013.
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